Abstract: This study investigates the potential of N-octyl chitosan derivatives, namely N-octyl-O-sulfate chitosan (NOOSC), N-octyl-N-succinyl chitosan (NONSC) and N-octyl-O-glycol chitosan (NOOGC) as amphiphilic carrier agents for atrazine in water-insoluble herbicide formulations. The N-octyl chitosan derivatives were characterised using several analytical instruments such as Fourier Transform Infrared (FTIR) Spectrometer, CHNS-O Elemental Analyser (CHNS-O), Transmission Electron Microscope (TEM), Thermogravimetric Analyser (TGA), Differential Scanning Calorimeter (DSC) and Fluorescence Spectrometer. The encapsulation of atrazine by N-octyl chitosan derivatives was studied using a High Performance Liquid Chromatography (HPLC). The FTIR spectra of N-octyl chitosan derivatives confirmed the presence of hydrophobic and hydrophilic groups on chitosan backbone. TEM images revealed that N-octyl chitosan derivatives have formed self-aggregates with a spherical shape. The CMC values for N-octyl chitosan derivatives were between 0.06 and 0.09 mg/mL. The encapsulation efficiency (EE) values for amphiphilic chitosan were greater than 90%. The release profiles showed different release behaviour of pure herbicide in solution as compared to atrazine-loaded N-octyl chitosan derivatives. Results suggest that the chitosan derivatives offer promising characteristics that enable them to act as effective carrier agents for atrazine. In conclusion, the application of N-octyl chitosan derivatives could reduce the use of organic solvents in herbicide formulations by 37.5%.
Introduction
Invasive weeds are one of the common problems faced by farmers causing degradation of crop quality. It was estimated that around 8,000 species of weeds were accountable for the loss of global crop production [1] . Therefore, the application of herbicides in agriculture practice is inevitable. Atrazine has moderate toxicity and widely used as a selective pre-or post-emergence herbicide worldwide, especially in the United States [2] [3] [4] [5] . The herbicide targets the chloroplast membrane of the weeds by inhibiting the photosynthesis activity [5, 6] . However, atrazine has poor solubility in water, which is about 0.028 mg/mL [7] . To overcome this issue, manufacturer often use large quantity of organic solvent to dissolve the herbicide [7] . In addition, the herbicide atrazine has high soil mobility [8] . This scenario may lead to environmental problems such as groundwater and volatile organic compounds (VOCs) contamination [8] [9] [10] .
In recent years, efforts have been made in finding a good carrier system for the development of more environmentally friendly pesticide formulations [11, 12] . Among them, polymeric micelles especially amphiphilic chitosan derivatives, have attracted enormous interest as potential carrier agents due to their unique properties [13] [14] [15] . The amphiphilic chitosan derivatives have ability to self-assemble into micelles and load a waterinsoluble compound into their hydrophobic core [16] . The application of amphiphilic chitosan derivatives could increase the solubility of hydrophobic pesticide in water while controlling the release of the pesticide [17, 18] .
In this work, amphiphilic chitosan derivatives comprised of hydrophobic octyl group and three different types of hydrophilic groups, namely sulfate, succinyl and glycol, were synthesised and loaded with atrazine. The amphiphilic chitosan derivatives were characterised using several analytical instruments to evaluate their physicochemical properties. The ability of the N-octyl chitosan derivatives to encapsulate and control the release of the hydrophobic herbicide was investigated. The influence of different types of hydrophilic groups on the encapsulation of atrazine was also evaluated. The release mechanism of atrazine from N-octyl chitosan derivatives micelles was modelled using the semiempirical Korsmeyer-Peppas kinetic equation.
Experimental

Materials
Chitosan with molecular weight of 600,000 to 800,000 Da and deacetylation degree of 92% and N,N-dimethylformamide (DMF) were obtained from Acros Organics. Acetic acid, chlorosulfonic acid, 2-chloroethanol, hydrochloric acid, sodium borohydride, sodium hydroxide and succinic anhydride were purchased from Merck. Atrazine, octaldehyde and pyrene were supplied by Sigma-Aldrich while phosphate buffered saline (PBS) solution was obtained from Santa Cruz Biotechnology. The solvents used in the work, namely acetone, acetonitrile (HPLC-grade) and methanol were purchased from HmbG Reagent Chemicals. All chemicals in this study were of analytical grade and deionised water was used throughout this study.
Synthesis of N-octyl chitosan derivatives
N-octyl chitosan derivatives were prepared by using N-octly chitosan as an intermediate. The N-octly chitosan (NOC) was synthesised according to the approach proposed by Zhang et al. [19] . The N-octyl-O-sulfate chitosan (NOOSC) was synthesised according to methods outlined by Ronghua et al. [20] and Zhang et al. [19] , with some modifications. NOC suspension was prepared by suspending 1 g of NOC in 20 mL of DMF. Meanwhile, 10 mL of chorosulfonic acid was added in dropwise into 40 mL of DMF, and the solution was agitated at a temperature of 0°C. After 1 hr, the NOC suspension was added and the mixture reacted at 40°C for 24 hrs. Then, an abundant amount of cold acetone was poured to precipitate the solution. The precipitate was filtered and re-dissolved in 50 mL of deionised water. The solution pH was adjusted to pH 7.0 and dialysed in a dialysis bag with molecular weight cut off (MWCO) of 14,000 Da against the deionised water, followed by lyophilisation.
N-octyl-N-succinyl chitosan (NONSC) was synthesised by the method proposed by Kajjari et al. [21] , with some modifications. Briefly, 50 mL of 1% (v/v) of the acetic acid solution was used to dissolve 1 g of NOC and the resulting solution was diluted with 50 mL of methanol. Then, succinic anhydride solution (0.5 g in 5 mL of acetone) was slowly poured into beaker containing the NOC solution. The resulting solution was continuously stirred for 24 hrs at room temperature, before was neutralised and precipitated with cold acetone. The precipitate was re-dissolved in 50 mL deionised water. The re-dissolved NONSC solution was then dialysed (MWCO 14,000) against deionised water and lyophilised.
N-octyl-O-glycol chitosan (NOOGC) was synthesised using a procedure described by Shen et al. [22] , with some modifications. An exact amount of NOC (1g) was suspended in 50 mL of 14% (w/v) NaOH. Then, 2-chloroethanol (2 mL) was added slowly to the NOC solution and reacted under continuous agitation for 24 hrs. The solution was neutralised and dialysed (MWCO 14,000) against deionised water and followed by lyophilisation.
Preparation of atrazine-loaded micelles
Atrazine-loaded N-octyl chitosan derivatives micelles were prepared by the reverse micelles method [12] . The atrazine solution with a concentration of 100 mg/L was prepared by dissolving an appropriate amount of atrazine in methanol. Each of the amphiphilic chitosan derivatives was then added to the atrazine solution at a weight ratio of 1:100 (w/w) of atrazine to N-octyl chitosan derivatives. Deionised water that was five-times higher than the initial volume of atrazine solution was added dropwise to the mixture solution and stirred for 2 hrs at room temperature. Then, the mixture solution was centrifuged at 1,000 rpm for 10 minutes and filtered with a 0.45 μm pore-size membrane.
The amount of encapsulated atrazine was determined by an Agilent 1200 Infinity High Performance Liquid Chromatography (HPLC). The mobile phase used in the analysis was the mixture of acetonitrile (HPLC grade) and water at a volume ratio of 70:30 (acetonitrile:water). The analysis was carried out using an Agilent Poroshell 120 C18 (50 mm x 4.6 mm, 2.7 μm) column at 40°C and a flow rate of 1.0 mL/min. The sample was injected at a volume of 15.0 μL, and the analysis was conducted at a wavelength of 220 nm. Equations 1 and 2 were applied to calculate the encapsulation efficiency (EE) and loading capacity (LC) of atrazine in the N-octyl chitosan derivatives micelles, respectively [23] : 
Characterisation study
The FTIR analysis was conducted on a Thermo Nicolet 6700 ATR-FTIR Spectrometer. The FTIR spectra of chitosan and N-octyl chitosan derivatives were recorded at a resolution of 4 cm -1 in the wavenumber range from 4000 to 500 cm -1 with over 32 cumulative scans. The 1 H NMR spectra of chitosan and N-octyl chitosan derivatives were recorded at 500 MHz using a Jeol JNM-ECX-500 Nuclear Magnetic Resonance Spectrometer. The solvent used to dissolve the samples in NMR analysis was acetic acid-d (CD 3 COOD, 99.5%).
A CHNS-O Flash EA 1112 Series Elemental Analyser was used to determine the composition (%) of C, H, N, O and S of chitosan and N-octyl chitosan derivatives. The analysis was conducted by transferring approximately 2 mg of sample in a tin capsule to combustion reactor. The standard for this analysis was acetanilide while the oxidant and carrier gasses used were oxygen and helium, respectively.
The internal morphology of NOOSC, NONSC and NOOGC was observed using a Hitachi SU 8020 UHR Field Emission Scanning Electron Microscope. The sample was placed on a 300-mesh-carbon coated copper grid, and the analysis was performed at an acceleration voltage of 20 kV.
A TGA/DSC 1 Mettler Toledo Analyser was used to perform thermogravimetric and differential scanning calorimetry analyses. Approximately 17 mg of samples were heated from 25 to 900°C under argon gas at a flow rate of 20 mL/min and a heating rate of 10 °C/min.
The solubility trends of chitosan and N-octyl chitosan derivatives in a series of aqueous solution at various pH values (1.0 to 13.0) were determined by the percentage of transmittance [24] . The experiment was conducted by dissolving each sample in 2% (v/v) HCl to obtain a sample solution with concentration of 2 mg/mL. The pH of the sample solution was altered using NaOH solutions (0.1-4.0 mol/L), and the percentage of transmittance was recorded using an Agilent Cary 60 UV-Visible Spectrophotometer at 600 nm.
Critical micelles concentration (CMC) study
The critical micelles concentration (CMC) of the N-octyl chitosan derivatives was determined using an Agilent Cary Eclipse Fluorescence Spectrometer [25] . In this study, pyrene was applied as a hydrophobic probe. Briefly, 1 mL of pyrene in methanol (1.25 x 10 -3 mg/mL) was added into a beaker and thereafter the methanol was evaporated. Then, 6 mL of the N-octyl chitosan derivatives solution with the concentration varies from 1.0 x 10 -4 to 1.0 mg/mL was added individually in a beaker containing methanol-free pyrene. The N-octyl chitosan derivatives and pyrene mixture solution was homogenised by using a sonicator for 10 minutes. The pyrene emission was determined from 344 to 700 nm with excitation wavelength set at 334 nm. Both excitation and emission slit openings of the instrument were set at 5 nm. The ratios of (I 1 =373 nm) and (I 3 =392 nm) against logarithms concentration of the N-octyl chitosan derivatives were then plotted to obtain the CMC value of the chitosan derivatives.
In vitro release study
The in vitro release study of atrazine from N-octyl chitosan derivatives micelles were carried out through the dialysis method under sink conditions [23] . The in vitro release study was carried out by dissolving by approximately 5 mg of each atrazine-loaded N-octyl chitosan derivative in 3 mL of PBS solution (0.1 M, pH 7.4). The atrazine-loaded N-octyl chitosan derivative solution or pure atrazine solution was subsequently placed in a dialysis bag (MWCO 14,000 Da) and immersed in a beaker containing 250 mL of PBS solution. The PBS solution was continuously agitated (100 rpm) at room temperature. At the predetermined time interval, the amount of atrazine released from the dialysis bag was measured by collecting 3 mL of PBS solution from the beaker and replacing it with 3 mL of fresh PBS. The measurement was conducted by means of an Agilent Cary 60 UV-Visible Spectrophotometer at 220 nm. The release study for each sample was performed in three replicates.
The release mechanism of atrazine from N-octyl chitosan derivative micelles was determined by fitting the release data of atrazine to semi-empirical KorsmeyerPeppas kinetic model (equation 3) [26, 27] :
where M t indicates the amount of atrazine released at time t and M∞ represents the maximum amount of atrazine released. The k is the constant that incorporates the characteristic of the polymeric carrier and atrazine, while n indicates the release mechanism. A linear graph of ln (Mt/M∞) versus ln (t) can be used to determine the value of release constant (k), release mechanism (n) and correlation coefficient (R 2 ). Ethical approval: The conducted research is not related to either human or animal use.
Results and Discussion
Synthesis and characterisation of N-octyl chitosan derivatives
The N-octyl chitosan derivatives were prepared by introducing the hydrophobic group (octyl) and followed by hydrophilic groups (sulfate, succinyl and glycol). The synthetic scheme for the syntheses of N-octyl chitosan derivatives are summarised in Figure 1 . As shown in Figure 1 , the hydrophobic octyl group was introduced by a Schiff base reaction between the amino group of chitosan and octaldehyde. The NOOSC, NONSC and NOOGC were synthesised by covalently linking the sulfate, succinyl and glycol groups on the chitosan backbone.
The chemical structures of chitosan and the N-octyl chitosan derivatives were confirmed by FTIR analysis. The FTIR spectra of chitosan, NOOSC, NONSC and NOOGC are shown in Figure 2 . Based on Figure 2a , basic absorption bands for chitosan appeared at 3440 cm -1 (-OH and -NH stretches), 2919 and 2870 cm -1 (-CH stretches) and 1646 and 1596 cm -1 (NH 2 scissoring vibration) [28, 29] . Two absorption peaks at 1421 and 1383 cm -1 are attributed to C-N stretching vibration [28, 29] . The characteristic frequencies of C-O stretching vibration for secondary and primary alcohol groups appeared at 1153 and 1081 cm -1 [28, 29] . Following the alkylation process with octaldehyde, the intensity of the absorption band related to -CH stretching vibration in the FTIR spectra of NOOSC, NONSC and NOOGC was increased significantly (Figures 2b, 2c  and 2d ). This scenario could be due to the addition of octyl group to amine group of chitosan [30, 31] . The appearance of new peaks positioned at 1243 and 1212 cm -1 in the FTIR spectrum of NOOSC (Figure 2b ), could be attributed to the sulfate group [32, 33] . Moreover, the conjugation of the sulfate group has shifted the absorption band corresponding to -OH stretch from 3440 to 3278 cm -1 and C-O of primary alcohol from 1081 to 989 cm -1 [32, 33] . The absorption intensity of NH 2 scissoring vibration of chitosan at 1646 and 1596 cm -1 (Figure 2a ) increased prominently and shifted to new wavenumbers at 1639 and 1544 cm -1 (Figure 2c ), which could be due to addition of a C=O stretching vibration from succinyl groups conjugated at amine group of chitosan [34, 35] . Furthermore, the changes were also observed in the intensity and wavenumbers of absorption band related to C-N and C-O stretching vibrations following conjugation of carboxyl group of the succinyl group [36, 37] . The shifted wavenumbers related to -OH and C-O stretching vibrations in the FTIR spectrum of NOOGC (Figure 2d ) may be related to the incorporation of the glycol group at 6-OH of chitosan [30, 38] . Presumably, the aforementioned changes suggest that the NOOSC, NONSC and NOOGC were successfully synthesised.
The chemical structures of chitosan and N-octyl chitosan derivatives were further confirmed by corresponded to solvent, was used as a reference to interpret the NMR spectrum. Figure 3 shows the 1 H NMR spectra of chitosan and NOC. The 1 H NMR spectrum of chitosan (Figure 3a) shows signals at chemical shifts of 3.32 to 4.05 ppm and 5.08 ppm, which correspond to the proton at 2-H to 6-H and 1-H, respectively [30] . As compared to the chitosan spectrum, the 1 H NMR spectrum of N-octyl chitosan (Figure 3b) shows that the signals correspond to the proton of octyl group at chemical shifts of 0.79 ppm (-NHCH 2 (CH 2 ) 6 CH 3 ), 2.31 ppm (-NHCH 2 (CH 2 ) 6 CH 3 ) and 3.38 ppm (-NHCH 2 (CH 2 ) 6 CH 3 ) [31, 32] .
Based on the 1 H NMR spectrum of N-octyl chitosan, the signal related to the octyl group can be observed in the 1 H NMR spectrum of NOOSC (Figure 4a ), which suggest that NOOSC was successfully synthesised [33] . In addition, the appearance of peaks at 2.76 and 2.88 ppm in the 1 H NMR spectrum of NONSC (Figure 4b ) could be corresponded to the proton of the succinyl group [36, 37] . The overlap peaks observed in the 1 H NMR spectrum of NOOGC (Figure 4c ) at a chemical shift of 3.29 to 3.92 ppm could be related to the proton of the glycol group and chitosan [30] . The results for the elemental composition of chitosan and N-octyl chitosan derivatives are listed in Table 1 . It is clear that the experimental results for the composition of C, H, N, O and S of the samples are close to the theoretical values. For instance, the weight percentage of C, H, N, O and S for NOOSC was determined as 46.88 ± 1.3, 7.38 ± 0.8, 4.50 ± 0.5, 32.82 ± 0.9 and 8.42 ± 0.7%, respectively. Meanwhile, the theoretical weight percentage of C, H, N, O and S for NOOSC was calculated as 47.32, 7.64, 4.42, 32.44 and 8.23%, respectively. Based on the elemental analysis data, the degree of substitution (DS) of octyl group on chitosan was 6.81 ± 4.16%. Therefore, the elemental composition results suggest that the chitosan derivatives were successfully synthesised in this study.
TEM micrographs of NOOSC, NONSC and NOOGC micelles at 100,000x magnifications are presented in Figure 5 . The TEM images revealed that the N-octyl chitosan derivatives micelles were capable to form self-aggregates in aqueous solution. It is apparent that N-octyl chitosan derivatives exhibit nearly spherical shape micelles. From Figure 5a , the size at dry state of the NOOSC micelles ranged from 47.6 to 101 nm. Meanwhile, the NONSC (Figure 5b ) and NOOGC (Figure 5c ) exhibit the micelles size ranged from 65.5.5 to 177 nm and 41.7 to 85.3 nm, respectively. The NONSC micelles show the largest aggregation size range followed by NOOSC and NOOGC. Figure 6 displays the TGA thermograms of chitosan, NOOSC, NONSC and NOOGC. Chitosan exhibits two decomposition stages at 54°C and 328°C. The first decomposition stage was due to the vaporisation of moisture content while the second was related to the dehydration of the polysaccharide ring and decomposition of chitosan polymer [39] . Two weight loss stages were observed during thermal decomposition of NOOSC. The first weight loss occurred at 53°C with a weight loss of 21%, which was due to the loss of moisture content bound to the polymer [31, 33] . The second weight loss reached its maximum at 335°C with a weight loss of 46%, which corresponds to the decomposition of NOOSC [31, 33] . The thermal decomposition of NONSC occurred at two different temperatures, namely 69°C and 395°C. The initial weight loss (23%) was related to water desorption from the polymer, while the second weight loss (45%) corresponds to the degradation of the polymer and succinic acid group [21, 34] . The thermal decomposition of NOOGC involved three major steps of weight loss at 57°C, 284°C and 470°C. The weight loss steps were attributed to the desorption of the water content, followed by the degradation of the low molecular polymer and finally by the decomposition of the high molecular weight polymer and glycolsidic bond [31, 40] . The addition of hydrophobic and hydrophilic groups altered the thermal stability of the chitosan.
The DSC thermograms of the chitosan and the N-octyl chitosan derivatives are presented in Figure 7 . Chitosan and N-octyl chitosan derivatives show characteristics of an endothermic peak at temperatures below 100°C, which attributed to the loss of water associated with the hydrophilic segments of the polymers [21, 41, 42] . The exothermic peak observed at 306 °C of the DSC thermogram of chitosan (Figure 7a ) could be related to the degradation of the saccharide structure in the chitosan [43, 44] . As shown in Figure 7b , the appearance of the two endothermic peaks on the NOOSC curve at 276°C and 453°C corresponds to melting and the dissociation of the chitosan derivatives [19, 43] .
The exothermic peaks at 294°C and 775°C of NONSC (Figure 7c ) are associated with degradation of the polymer and succinic acid [21] . Meanwhile, the curve of NOOGC shows an exothermic peak at 292°C and an endothermic peak at 479°C which may be due to polymer decomposition and dissociation of glycol chitosan [44, 45] . Results obtained from thermal analysis suggest that the insertion of hydrophobic and hydrophilic groups to the chitosan backbone improved its thermal stability. The solubility properties of chitosan, NOOSC, NONSC and NOOGC are shown in Figure 8 . Chitosan was soluble at a pH less than 7.0 due to the protonation of the amine group in the acidic medium [46] . On the other hand, chitosan was insoluble in both neutral and basic media attributed to the rigid crystalline structure of chitosan that has a strong hydrogen bond. In contrast to chitosan, all N-octyl chitosan derivatives exhibited excellent solubility properties at pH values of 1.0 to 13.0. The percentage of transmittance (%) for NOOSC, NONSC and NOOGC were above 80%. The presence of -OH and -COOH functional groups from sulfate, succinyl and glycol groups, has endorsed the formation of hydrogen bonds between the chitosan and hydrogen atom in water. However, the NONSC was slightly insoluble (78%) at pH 5.0 due to the isoelectric point of equimolar co-existing of NH 3 + and -COO - [47] . Overall, NOOSC, NONSC and NOOGC endow the characteristics of excellent carrier agents for atrazine.
Critical micelle concentration (CMC) of N-octyl chitosan derivatives micelles
The fluorescence probe technique was applied to determine the critical micelle concentration (CMC) value of the N-octyl chitosan derivatives. The CMC was described as the threshold concentration in which selfaggregation of polymeric micelle can form via intraand/or intermolecular association [25] . Pyrene was used as a hydrophobic probe due to its strong hydrophobic properties and self-quenching property in aqueous solutions. Were the micelle to present in the aqueous solution, the pyrene would automatically localise inside the micelle hydrophobic core and strongly emit fluorescence intensity [25] . Figure 9a displays one of the examples of fluorescence emission spectra of pyrene in the NOOGC micelles solution at concentration of 1.0 x 10 -4 to 1.0 mg/mL. The intensity of fluorescence emission spectra exhibits an increasing trend as the concentration of NOOGC increases until a certain concentration is reached. The emission intensity ratio of the first peak (I 373 ) and third peak (I 392 ) was used to determine the aggregation behaviour of the N-octyl chitosan derivatives as it was highly sensitive to the change in the surrounding environment [44] . The CMC value of NOOSC, NONSC and NOOGC can be determined from the crossover point of the intensity ratio of I 373 /I 392 versus logarithm concentration of the chitosan derivatives [25] . Figure 9 (b) shows as an example a graph of the intensity ratio of I 373 /I 392 of the pyrene emission spectra versus logarithm concentration of NOOGC. The CMC value of NOOSC, NONSC and NOOGC was determined as 0.062, 0.074 and 0.089 mg/mL, respectively. Overall, the NOOSC had the lowest CMC value, followed closely by NONSC and NOOGC. The CMC values determined for N-octyl chitosan derivatives were found to be lower than that of the low molecular surfactant sodium dodecyl sulfate (2.3 mg/ mL) [48] and poloxamer (1.0-24 mg/mL) [49] . Moreover, the CMC values of N-octyl chitosan derivatives could be considered comparable with other polymeric micelles such as deoxycholic acid chitosan-grafted poly(ethylene glycol) methyl ether (0.0657 mg/mL) [50] and carboxymethyl pachyman-deoxycholic acid conjugates (5.89 x 10 -3 to 1.55 x 10 -2 mg/mL) [51] . Results from this experiment suggest that the NOOSC, NONSC and NOOGC micelles can form stable self-aggregation in an aqueous solution even after dilution [25] .
Encapsulation efficiency and loading capacity of atrazine-loaded N-octyl chitosan derivatives
The encapsulation efficiency (EE%) and loading capacity (LC%) of atrazine into each of the N-octyl chitosan derivatives micelles are presented in Table 2 . From Table 2 , the N-octyl chitosan derivatives micelles can encapsulate more than 90% of atrazine in its micelles. Moreover, the loading capacity of the atrazine-loaded N-octyl chitosan derivatives micelles was around 0.09%. It was observed that there was no significant difference in the amount of atrazine that could be encapsulated by NOOSC, NONSC and NOOGC. It was apparent that the types of hydrophilic segments did not significantly influence the encapsulation of atrazine. This may be due to the N-octyl chitosan derivatives having the same hydrophobic moieties (octyl group) as the entrapment of hydrophobic molecules which usually occur through the interaction with hydrophobic moieties of the micelles [30] . High encapsulation efficiencies achieved by NOOSC, NONSC and NOOGC indicated that the chitosan derivatives have good affinity towards atrazine, a hydrophobic herbicide [30] .
In vitro release of atrazine-loaded N-octyl chitosan derivatives
The release profile of atrazine from NOOSC, NONSC and NOOGC micelles in PBS solution are shown in Figure 10 .
The release profile of all atrazine-loaded N-octyl chitosan derivatives showed an initial burst release during the first 10 hrs of the in vitro study, followed by controlled release behaviour. The burst release profile recorded at the beginning of the in vitro study could be based on the dissolution of the herbicide adsorbed on the surface of N-octyl chitosan derivatives or entrapped in between hydrophilic moieties of the chitosan derivatives [52] . After 10 hrs, the release of atrazine came from the hydrophobic core of the chitosan derivatives [52] . It is evident that the NOOSC, NONSC and NOOGC could prolong the release of atrazine up to 57, 60 and 58 hrs, respectively. In comparison, the pure atrazine solution underwent a rapid release profile whereby around 50% of the herbicide was released from a dialysis bag within 8 hrs and completely released at about 29 hrs. According to Hu et al. [53] , the release rate of a hydrophobic compound from core micelles is mainly affected by its interaction with hydrophobic moieties of the polymer. As the N-octyl chitosan derivatives comprised of the same hydrophobic group, the release of atrazine from its micelles mainly influenced by the amount of atrazine entrapped in the chitosan derivatives micelles.
The release profile data of atrazine were fitted to the Korsmeyer-Peppas kinetic model to obtain further information related to the release of the atrazine from the N-octyl chitosan derivatives. The parameters of the the Korsmeyer-Peppas kinetic model are shown in Table 3 . Based on the correlation coefficient value (R 2 ), the release data of atrazine fitted well with the Korsmeyer-Peppas model (R 2 >0.96). The value of the release exponent (n) of NOOSC, NONSC and NOOGC, which indicates the type of release mechanism involved, was higher than 0.85. These findings suggest that the release of the atrazine from the N-octyl chitosan derivative micelles follow the case II transport, which associate with stress and the state transition of the hydrophilic group in polymer (relaxation of polymer chain) in water and biological fluids [26, 41] . Based on the release constant (k) values presented in Table Figure 3, NONSC has the lowest k value which demonstrates the slowest atrazine release, followed by NOOGC and NOOSC. These data were in accordance with the experimental data for the release of atrazine from the in-vitro released study.
Conclusions
In this research, the amphiphilic chitosan derivatives NOOSC, NONSC and NOOGC were successfully synthesised and characterised. Their key property is the presence of hydrophilic segments (sulfate, succinyl and glycol) and hydrophobic region (octyl) that enabled the formation of micelles in aqueous solution. The NOOSC, NONSC and NOOGC micelles have a good affinity towards atrazine, thus able to encapsulate the herbicide up to 93.80%. The N-octyl chitosan derivatives enhanced the solubility of atrazine 3.4% than pure atrazine in water. By introducing the N-octyl chitosan derivatives as carrier agents in herbicide formulations, the application of an organic solvent could be reduced by 37.5%. The ability of NOOSC, NONSC and NOOGC to encapsulate and control the release of atrazine would be an advantage in formulating environmentally friendly agrochemical products.
